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Polymorphic transitions in A1,0 3 , tungsten bronzes, 2CaO • SiO,, and Zr0 2 are considered. Considering that 
at high temperatures oxides usually have excess oxygen vacancies, a further increase in their concentration 
due to introduction of corresponding additives slows diffusion, impedes the polymorphic transition, and stabi¬ 
lizes the phase. Introduction of additives that result in an increased concentration of cation vacancies, on the 
other hand, accelerates diffusion and facilitates the polymorphic transition. 


When a system is heated to high temperatures, the con¬ 
centration of oxygen vacancies increases, and the system re¬ 
sponds to this by a decrease in the cation vacancies in accor¬ 
dance with the Schottky equilibrium and thereby tries to re¬ 
strain the rate of diffusion processes and, consequently, the 
probability of polymorphic transitions [1]. This probability 
can be increased by using additives that cause an increase in 
the concentration of cation vacancies through formation of 
solid solutions. Under these conditions these additives will 
accelerate the diffusional polymorphic transition. 

In order to stabilize a low-temperature polymorphic ox¬ 
ide phase in heating, it is necessary to introduce additives 
that result in formation of oxygen vacancies. These additives 
increase further the concentration of oxygen vacancies. The 
system will be able to impede diffusion processes by a de¬ 
crease in the concentration of cation vacancies. It is known 
that introduction of Li 2 0 into y-Al 2 0 3 stabilizes this phase up 
to a temperature of 1400°C, whereas without additives this 
phase is usually stable up to 800°C [2]: 

Li 2 0 —» 2Li”! + Oq + 2V". (1) 

Oxygen vacancies stabilize a low-temperature phase. 

In order to stabilize a polymorphic phase, it is necessary 
to increase the concentration of oxygen vacancies and de¬ 
crease the concentration of cation vacancies. Moreover, addi¬ 
tives that cause formation of anion vacancies should not re¬ 
sult in formation of a liquid phase. The appearance of a liq¬ 
uid phase can shift the polymorphic-transition process to the 
liquid phase and thereby neutralize the effect of the concen¬ 
tration vacancies. The main problem of stabilization of a 
phase by an increase in oxygen vacancies is the fact that 
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many of the impurities that are necessarily present in the 
crystal cause the appearance of cation vacancies. This con¬ 
centration depends on the impurity content and the type of 
solid solution (substitutional solution or interstitial solution). 
The impurities will accelerate the polymorphic transition and 
impede stabilization of the desired polymorphic phase. 

The effect of vacancies on the transition y -> a in A1 2 0 3 
is observed in introduction of additives of MgO, Y 2 0 3 , and 
La 2 0 3 in the form of water-soluble salts in hydrolysis of alu¬ 
minum sec-butoxide in transparent-ceramics technology. In 
heat treatment of aluminum hydroxide, some of the carbon of 
alkoxy groups remains in the powder. Additives of basic ox¬ 
ides (MgO, Y 2 0 3 , and La 2 0 3 ) facilitate binding of 
carboxide, which has an acid nature. The presence of carbon 
in an oxidized form is indicated by the fact that lengthy heat 
treatment in an oxidizing medium and even in oxygen did 
not result in its complete removal. 

It was possible to remove all the carbon by passage of 
water vapor during heat treatment to a temperature of 800°C 
according to the reaction 

C + H 2 0 -» CO + h 2 . 

The presence of MgO, which is the main additive by 
weight, caused stabilization of y-Al 2 0 3 due to an excess in 
oxygen vacancies: 

2MgO —» 2Mg A1 + 20^ + V”. 

Protracted holding at a temperature of 1100°C did not re¬ 
sult in conversion to a-Al 2 0 3 . Samples molded from the 
powder obtained and fired in a vacuum furnace at a tempera¬ 
ture of 1800°C were transparent but had substantial shrink- 
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age (over 30%) due to the polymorphic transition during 
sintering. 

Retention of carbon drastically altered the results. At a 
temperature of 1100°C the powder converted completely to 
a-Al-,0,. The presence of C0 2 in the solid solution produced 
aluminum vacancies: 

3C0 2 -» 3C"" + 60* + 3V"j. 

Aluminum vacancies increase the rate of diffusional 
mass transfer and of the polymorphic transition. Moreover, 
carbon together with additive aluminum cations and oxygen 
vacancies forms clusters and, possibly, nuclei of a new phase, 
which, in turn, can facilitate the appearance of a-Al 2 0 3 
nuclei. 

It is more likely that C0 2 is contained in the solid solu¬ 
tion in the form of acid carbonates, for example, MgC0 3 . 
However, acceleration of diffusion processes in sintering 
contributes to growth of crystals and capture of pores by 
them. Samples obtained from this powder were opaque, but 
their shrinkage was significantly lower, since no polymor¬ 
phic transition occurred during sintering. 

An excess of oxygen vacancies can account for the poly¬ 
morphism of tungsten oxide and tungsten bronzes [3]. The 
high volatility of oxygen produces oxygen vacancies and 
free electrons e 

W0 3 -> 3/20., + W* + 3V” + 6e'. 

With a further increase in temperature, some of the tung¬ 
sten cations pass to interstices with formation of tungsten va¬ 
cancies, which creates conditions for diffusional transforma¬ 
tions in the series of polymorphic modifications: triclinic, 
monoclinic, rhombic, and tetragonal: 

W0 3 -> 3/20., + w:.+ V w '"' + 3V" + 6e'. 

Treatment of tungsten oxide in sodium vapor results in 
formation of tungsten bronze, whose temperatures of the cor¬ 
responding transitions are significantly lower than in tung¬ 
sten oxide. The higher the sodium concentration in the 
bronze, the lower the transition temperature, and with in¬ 
creasing temperature, a cubic modification appears after the 
tetragonal one. This can be accounted for by the fact that so¬ 
dium, on entering the tungsten oxide lattice, binds the oxy¬ 
gen in the lattice, with prevents oxygen volatilization and the 
appearance of excessive oxygen vacancies: 

6Na + W0 3 -» 6Na‘ + W* + 30^ + 6e'. 

At the same time partial reduction of tungsten is possible: 

6Na + WO, -> 6Na’ + W'., + 30* + 5e\ 

The use of elements whose degree of oxidation is higher 
than that of sodium but whose radius is similar (cadmium, 
gadolinium, thorium) results in the situation where the molar 
concentration of the additive is decreased in inverse propor¬ 


tion to its degree of oxidation. For example, the amount of 
gadolinium required to produce the same concentration of 
defects is one-third the amount of sodium: 

2Gd + W0 3 -» 2Gd + W* + O* + 6e\ 

J /WO 

The high-temperature phase 2CaO • Si0 2 is stabilized us¬ 
ing various additives that form solid solutions. It is known 
that a solid solution of CaO in 2CaO • Si0 7 results in stabili¬ 
zation of the high-temperature phase, and a solution of Si0 2 
in 2CaO • Si0 2 destabilizes it [4], Complex oxides deviate 
from stoichiometry not only toward a deficit of oxygen but 
also in the ratio of the cations they contain (y-nonstoichio- 
metry) [5]. Retardation of diffusional mass transfer will take 
place upon an increase not only in oxygen vacancies but also 
in vacancies of the fastest cation. At the same time, an in¬ 
crease in the concentration ov vacancies of the slowest cation 
should accelerate mass transfer. 

Synthesis of complex oxides from simple oxides usually 
produces a solid solution of the oxide containing the cation 
with a lower diffusion coefficient in the complex oxide and a 
phase that consists of the oxide containing the cation with a 
higher diffusion coefficient or is enriched in this oxide [6], 
The solid-solution concentration depends on the degree of 
nonequilibrium of the process of synthesis. In formation of 
2CaO • Si0 2 , deviation from stoichiometry and the appear¬ 
ance of a solid solution of Si0 2 in 2CaO ■ SiO, are observed. 
At the same time, oxygen and calcium vacancies appear in 
2CaO SiO z : 

Si0 2 -► Si*. + 20^ + 2V Ca + 2V". (2) 

At first glance, a further increase in the Si0 2 content in 
2CaO • Si0 2 will increase further the concentration of oxy¬ 
gen and calcium vacancies, which should retard the mass 
transfer. However, the concentration of oxygen vacancies in 
2CaO • SiO ? is apparently close to the limit. As in the case 
with tungsten oxide described above, further addition of Si0 2 
(to the right part of Eq. (2)) increases the probability of Si0 2 
entering the interstices. At the same time, the concentration 
of oxygen vacancies becomes lower, and the probability of 
the polymorphic transition increases, i.e., Si0 2 acts as a 
destabilizer of the high-temperature form of 2CaO • Si0 2 : 

Si0 2 + Si ^ + 20* + 2V” a + 2V" -> Si"" +40* +2V c ' a . 

A decrease in the concentration of cation vacancies has a 
decisive effect. 

Addition of CaO to the solid solution (to the right part of 
Eq. (2)) decreases the number of these vacancies and im¬ 
pedes the diffusional polymorphic transition: 
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2CaO + Si*, + 20 q + 2V" a + 2V“ -> 

“ > 2Ca'^ a + 20 q + Sigj + 20 X Q . 

The transition from the high-temperature cubic phase to 
the monoclinic phase in zirconium dioxide proceeds accord¬ 
ing to a diffusion mechanism, and the transition from the 
tetragonal to the monoclinic phase occurs without diffusion 
according to a martensite mechanism. The martensite transi¬ 
tion requires only a slight shift of the ions and can occur very 
rapidly. The retardation of cracks in partially stabilized zirco¬ 
nium dioxide is based precisely on the possibility of the 
martensite transition proceeding at a speed equal to the speed 
of crack propagation [7], However, oxygen vacancies and 
additives that form these vacancies have a decisive role in 
stabilization of the cubic and tetragonal phases. The 
martensite transition is usually preceded by diffusion pro¬ 
cesses that result in local redistribution of the stabilizing ad¬ 
ditive. 

Zirconium dioxide is stabilized using oxides of alkali- 
earth metals, yttrium, scandium, and rare-earth elements. In 
replacing the zirconium cation all of them produce oxygen 
vacancies, which retards diffusional mass transfer and im¬ 
pedes the diffusional polymorphic transition to the low-tem¬ 
perature phase. Calcium and yttrium oxides are most widely 
used. It seems likely that calcium oxide partially dissolves in 
the form of CaZr0 3 . Therefore, use of CaZr0 3 instead of 
CaO facilitates formation of the high-temperature cubic 
phase and sintering due to the presence of zirconium vacan¬ 
cies [8]: 

CaZrOj —> 4Ca" + 20* + V”". 

The dissolution in the form of calcium zirconate obvi¬ 
ously facilitates entry of a calcium cation into an interstice in 
the form of a cluster. At high temperatures the cluster disinte¬ 
grates, but a substantial part of the calcium cations remains 
in the interstices, which accelerates mass transfer. As the 
temperature decreases (1000°C), the clusters reappear. In this 
case not all calcium cations take part in formation of oxygen 
vacancies, which, consequently, decreases somewhat the ox¬ 
ygen electrical conductivity. 

The magnesium cation has a somewhat smaller radius, 
and its electronegativity is closer to that of the zirconium cat¬ 
ion, which facilitates its replacement. As concerns mass 
transfer, a part of the magnesium cations that is less than in 
the case of calcium oxide passes to the interstices in 
sintering. This is manifested in the higher anion conductivity 
of zirconium oxide stabilized by magnesium oxide, as com¬ 
pared to that stabilized by calcium oxide at a temperature 
above 1500°C [8]. However, with a decrease in temperature, 
a significantly greater part of the magnesium cations (as 
compared to calcium) is found at the zirconium lattice points. 
The increase in the vacancy concentration is limited by the 
stability of the crystallographic structure. The concentration 
of oxygen vacancies increases so much that the zirconium di¬ 
oxide lattice loses its stability, and a martensite transition to 


the tetragonal and monoclinic phases takes place. The oxy¬ 
gen vacancy concentration apparently decreases in this tran¬ 
sition. This is similar to liquation. With high anion 
oversaturation, the system disintegrates into two locally sta¬ 
ble ones, i.e., the development of an excessive amount of ox¬ 
ygen vacancies is open to the possibility of the system using 
another mechanism of developing dissipative structures, 
namely, division into two phases. 

In the case of calcium oxide, the system, which is a solid, 
can redistribute the calcium cations between the lattice 
points and the interstices in accordance with the Le 
Chatelier-Brown principle so as to preserve the cubic phase. 
A similar situation arises in the system in the case of preser¬ 
vation of the spinel structure (y-nonstoichiometry) [5]. As a 
result of partial evaporation of one of the oxides comprising 
the spinel, some cations of the other oxide pass over from oc¬ 
tahedral vacancies formed by oxygen anions to tetrahedral 
vacancies. This enables the system to reduce the number of 
vacancies and preserve the spinel structure. The normal 
spinel transforms into partially converted spinel. 

When magnesium oxide is used, such possibilities are 
significantly fewer, and therefore, the system comes to a bi¬ 
furcation point, and spinoidal disintegration of the cubic 
phase begins. 

The similar processes apparently occur in using yttrium 
and scandium oxides. Yttrium oxide forms the compound 
2Y 2 0 3 • 3Zr0 2 , and scandium oxide does not form com¬ 
pounds with Zr0 2 . The difference in the radii and the 
electronegativity as compared to the zirconium cation de¬ 
creases from scandium to yttrium. Therefore, similarly to the 
comparison of the effect of calcium and magnesium addi¬ 
tives, the oxygen electrical conductivity increases from yt¬ 
trium to scandium [8]. 

Scandium replaces zirconium to a much greater extent 
than yttrium, instead of entering the interstices. The proba¬ 
bility of cluster formation and entry of an yttrium cation into 
an interstice in cooling is significantly lower than for a cal¬ 
cium cation. Therefore, the oxygen electrical conductivity in 
using yttrium oxide is nearly twice that in using calcium ox¬ 
ide [8]. Compared to the calcium cation, the yttrium cation is 
closer in radius, electronegativity, and degree of oxidation to 
the zirconium cation. This makes solid solutions with yttrium 
oxide the most resistant to destabilization. Scandium oxide 
produces much more stable solid solutions compared to mag¬ 
nesium oxide and shows the highest oxygen electrical con¬ 
ductivity among known additives. The lanthanum cation has 
a larger radius and a greater difference in electronegativity 
with the zirconium cation than the yttrium cation. Lantha¬ 
num oxide and zirconium dioxide form the compound 
La 2 0 3 ■ Zr0 2 . Therefore, solid solutions based on it are sig¬ 
nificantly less stable. They exist at temperatures above 
1800°C [8], 

Attempts to stabilize the monoclinic phase of Zr0 2 by in¬ 
troducing additives were unsuccessful. The only exception 
was the introduction of Hf0 2 , which made it possible to in- 
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crease the transition temperature [9], Apparently, in heating 
under ordinary conditions, the concentration of oxygen va¬ 
cancies in ZrO, is the highest possible, i.e., it is the saturation 
concentration. Attempts to increase this concentration further 
by introducing additives were unsuccessful and, accordingly, 
the monoclinic phase did not stabilize. The situation was dif¬ 
ferent in introduction of HfD 2 , which converts from the 
monoclinic to the tetragonal phase at a temperature of 
1900°C [9] and forms a wide range of solid solutions with 
Zr0 2 . As a consequence of the difference in ionic radii and 
resulting voltages, vacancies of both signs can appear, in¬ 
stead of prevailing oxygen vacancies [10]. With isovalent 
substitution and a wide range of solid solutions, the rule of 
additivity becomes valid, which results in an increased tran¬ 
sition temperature. 

To activate diffusional mass transfer, the vacancy ratio 
should approach the stoichiometric ratio of the ions in the ba¬ 
sic material corrected for their mobility and motive force 
(Eq. (1)). If the amount and the parameters of the additive do 
not cause the system (namely, the sample) to deviate too far 
from dynamic equilibrium and at the same time retard the 
diffusion processes through an increased concentration of 
oxygen vacancies, the polymorphic transition is retarded, 
and the desired phase can be stabilized. Such additives act as 
stabilizers of the polymorphic phase. Otherwise, the system 
can pass to an unstable state, and the polymorphic transition 
will occur. The required cation vacancies can appear in re¬ 
placement of the main-material cation by a cation with a 
higher degree of oxidation or in passage of some of the addi¬ 
tive cations with any degree of oxidation to the interstices. 
Such additives act as destabilizers of the desired phase. 

The concentration of oxygen vacancies cannot be above 
their solubility limit, and therefore the possibilities of stabi¬ 
lizing the desired phase are usually limited. An attempt to in¬ 
crease the concentration of oxygen vacancies by increasing 
the amount of the corresponding additive causes the additive 
cations to pass into the interstices, thus producing cation va¬ 
cancies. Passage of an additive cation from a lattice point to 
an interstice is facilitated by its small radius and an increase 
in temperature, which increases the distance between the 
ions. As the temperature is decreased, preservation of the ad¬ 
ditive cation inside the interstice is facilitated by formation 
of clusters similar to chemical compounds that can be pro¬ 
duced by the additive and the main phase. To achieve this, 
the electronegativity of the oxides of the additive and the 
main phase should differ significantly. However, an in¬ 
creased difference in electronegativity impedes formation of 
solid solutions and decreases the homogeneity region. 

It is important to answer the question of whether the ad¬ 
ditive affects the height of the potential barrier that has to be 


overcome for transition to a new phase (thermodynamics) or 
the probability of overcoming the barrier, which determines 
the transition velocity (kinetics). In the first case, the phase 
under should remain stable for an indefinitely long period the 
given conditions, and in the second case, long exposure nec¬ 
essarily causes the transition. This is, of course, an artificial 
contrast, since the thermodynamics and the kinetics are 
closely related. However, the predominant change in the 
height of the barrier is evidently observed when a wide range 
of solid solutions is formed upon isovalent substitution. In 
this case, the additivity rule comes into effect. For instance, 
addition of HfCf to Zr0 2 increases the temperature of the 
polymorphic transition from the monoclinic phase to the 
tetragonal phase, i.e., stabilizes the monoclinic phase of Zr0 2 
[9], In the case of heterovalent substitution or formation of 
interstitial solid solutions, the solubility limit of the additive 
is usually low. In this case the barrier height evidently 
changes insignificantly, and it is basically the probability of 
overcoming the barrier that varies. 

The author acknowledges the assistance of Professor 
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